The nuclear receptor farnesoid X receptor (FXR) acts as a liver protector by regulating normal liver homeostasis. Spontaneously developed liver tumors have been found in FXR-null mice. However, the role of FXR in the tumorigenesis of human hepatocellular carcinoma (HCC) is still poorly understood. In this study, we measured the expression of FXR and its primary target gene, small heterodimer partner, and analyzed the clinical significance of FXR expression in HCC patients. A lentiviral vector that selectively overexpresses FXR was used to investigate the function of FXR in HCC cell proliferation both in vitro and in vivo. Our data showed that in human HCC, FXR expression was significantly reduced and was positively correlated with multiple malignant clinicopathological characteristics. Lentivirus-mediated exogenous FXR expression resulted in a marked increase of small heterodimer partner expression, significant repression of liver cancer cell proliferation, and tumor growth in nude mice. These results suggest that FXR may be of clinical and pharmacological importance as a promising biomarker of HCC. farnesoid X receptor; small heterodimer partner; tumor suppressor; proliferation HUMAN HEPATOCELLULAR CARCINOMA (HCC) is one of the most common human malignancies in the world and is prevalent in developing countries. In China, HCC has become the second highest cancer-related cause of death since the 1990s and accounts for 53% of all liver cancer deaths worldwide (12). The high mortality of HCC is due in large part to the lack of good biomarkers for early diagnosis and treatment assessment. Patients are often diagnosed at advanced stages, when most available therapies have only limited efficacy.
HUMAN HEPATOCELLULAR CARCINOMA (HCC) is one of the most common human malignancies in the world and is prevalent in developing countries. In China, HCC has become the second highest cancer-related cause of death since the 1990s and accounts for 53% of all liver cancer deaths worldwide (12) . The high mortality of HCC is due in large part to the lack of good biomarkers for early diagnosis and treatment assessment. Patients are often diagnosed at advanced stages, when most available therapies have only limited efficacy.
The farnesoid X receptor (FXR) is a member of the nuclear receptor superfamily of ligand-activated transcription factors and is highly expressed in the liver. FXR controls the expression of various genes involved in bile acid, lipid, and glucose metabolism (21) . In recent years, the understanding of the role of FXR in the liver has developed from that as a metabolic regulator to the novel function as a cell protector implicated in liver regeneration (9, 23) and hepatocarcinogenesis (22) . In 2007, we first reported that in the absence of FXR, mice displayed spontaneous development of liver tumors (22) . In parallel, Kim et al. (10) published very similar observations showing that aged FXR-null mice had a high incidence of liver tumors. However, limited information was available regarding the role of FXR in the development and progression of human HCC.
The nuclear receptor small heterodimer partner (SHP) is an important modulator of metabolic signaling pathways (1, 8, 20) and is a primary FXR target gene. One of the well-characterized mechanisms by which FXR regulates gene expression in the liver is through the induction of SHP. Recent studies (24, 25) have revealed the role of SHP in the inhibition of cellular proliferation. However, combined loss of FXR and SHP expression in human HCC has not been previously reported.
In this study, we measured the expression of FXR and SHP in human HCC specimens and analyzed the association of FXR mRNA levels with clinicopathological features. Correlation of mRNA expression of FXR with SHP in HCC was assessed. To explore the potential function of FXR in HCC, we generated a lentiviral vector that overexpressed FXR and effectively transfected this construct into human liver cancer cells. The effects of FXR on SHP expression, cell proliferation in vitro, and liver cancer cell-derived tumor growth in vivo were investigated. Our results indicate that FXR is a potential candidate biomarker for human HCC.
MATERIALS AND METHODS
Patients and human liver samples. Cohort 1 samples were from patients of 80 HCC and 20 hepatic hemangiomas at The Liver Center, The First Affiliated Hospital of Fujian Medical University, from between 2009 and 2010. Eighty paired HCC and corresponding peritumoral liver tissues were collected from patients who had undergone curative hepatic resection. Twenty normal liver tissues were obtained from patients undergoing resection for hepatic hemangiomas. Cohort 2 samples, which included 30 paired HCC and corresponding peritumoral liver tissues and 8 normal liver tissues, were collected between 2011 and 2012 from the same hospital as cohort 1. No local or systemic treatment had been conducted for these patients before surgery. Tissue samples were divided into two portions: one portion was immediately snap frozen in liquid nitrogen and stored at Ϫ80°C until use, and the other portion was fixed in the 10% neutral formalin for paraffin-embedded blocks. Tumor samples were taken from the non-necrotic peripheral zone of the tumor. Peritumoral liver tissues were taken 3 cm from the tumor. Both tumor and peritumoral samples were histopathologically confirmed. Clinical information was collected from patient records, and the details are shown in Table 1 .
Tumor stage was determined according to the Barcelona Clinic Liver Cancer (BCLC) staging system (14) , and tumor differentiation was graded by the Edmondson grading system (5). This study was approved by the Institute Research Ethics Committee of Fujian Medical University, and informed consent was obtained from each patient according to the committee's regulations.
RNA isolation and quantitative real-time PCR. Total RNA from liver tissues or cells was extracted with TriPure Isolation Reagent (Roche Applied Science, Mannheim, Germany), and 500 ng of total RNA were reverse transcribed using the Primescript RT reagent kit (Takara Bio, Tokyo, Japan) according to the manufacturer's protocol. Quantitative real-time PCR for the quantification of mRNA was performed using SYBR Premix Ex Taq (Takara Bio, Tokyo, Japan) and an Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA). Expression levels of target genes were normalized to the expression of ␤-actin. The following specific forward and reverse primers were used: FXR, forward 5=-GATGC-CTGTAACAAAGAAGCCCC-3= and reverse 5=-CACACAGTTGC-CCCCGTTTTTAC-3=; SHP, forward 5=-GTGGCTTCAATGCTGT-CTGGAG-3= and reverse 5=-CAGGCTGGTCGGAATGGACTTG-3=; and ␤-actin, forward 5=-GCGTGACATTAAGGAGAAGC-3= and reverse 5=-CCACGTCACACTTCATGATGG-3=. The relative amount of mRNA level was calculated as previously described (13) .
Immunohistochemistry. Immunohistochemical staining was performed with the Envision Plus System according to the manufacturer's instructions. Primary antibodies against FXR (R&D Systems, Minneapolis, MN, 1:100), SHP (MBL, Woburn, MA, 1:200), and Ki67 (Maixin Bio, Fuzhou, China, 1:50) were used to detect the corresponding proteins. The results of immunohistochemical staining were analyzed as previously described (19) . The proliferative index was calculated as the percentage of Ki67-positive cells.
Western blot analysis. Forty micrograms of total soluble protein extracted from liver samples or cells were resolved on 10% SDSpolyacrylamide gels and transferred electrophoretically to nitrocellulose membranes. Blots were blocked with 5% milk followed by an overnight incubation with FXR antibody (R&D Systems, 1:300), SHP antibody (Abcam, Cambridge, MA, 1:750), or ␤-actin antibody (Beyotime, Beijing, China, 1:1,000). Blots were then incubated with horseradish peroxidase-labeled goat anti-mouse IgG secondary antibody (Beyotime) and visualized using enhanced chemiluminescence substrate (Beyotime).
Cell culture and reagents. HepG2 cells were obtained from the cell bank of the Chinese Academy of Science (Shanghai, China). Huh7 cells were kindly provided by Dr. Xu Lin (Key Laboratory of Ministry of Education for Gastrointestinal Cancer, Fujian Medical University, Fuzhou, China). Reagents for cell culture were purchased from HyClone Biochemical Products (Beijing, China). The FXR agonist GW4064 was provided by Dr. Wendong Huang (City of Hope, Duarte, CA). Cells were routinely grown in complete culture medium (high-glucose DMEM supplemented with 10% heat-inactivated BSA and 1% penicillin-streptomycin) at 37°C in a humidified incubator with 5% CO 2.
Construction of human FXR recombinant lentivirus and transduction into HepG2 and Huh7 cells.
The human FXR gene was amplified by PCR from plasmid pCR4-TOPO (Open Biosystems, Huntsville, AL). The primer sequences were as follows: forward, 5=-GAGGATC CCCGGGTACCGGTCGCCACCATGGGATCAAAAATGAATCTC-3=; and reverse, 5=-TCACCATGGTGGCGACCGGCTGCACGTCCCA-GATTTCAC-3=. PCR fragments and the pGC-FU-GFP lentivirus vector (Genechem, Shanghai, China) were digested with endonuclease AgeI and ligated with T4 DNA ligase to produce the pGC-FU-FXR-GFP vector. Using Lipofectamine 2000 (Invitrogen), 293T cells were cotransfected with the pGC-FU-FXR-GFP vector, pHelper1 vector, and pHelper2 vector for 48 h to generate lentiviral stock. pGC-FU-GFP was used as a negative control. After the determination of the viral titer, lentiviral particles were used to infect HepG2 or Huh7 cells. Cells with green fluorescent protein (GFP) expression were selected to expand cultures for further investigation.
WST-1 cell proliferation assays. WST-1 assays were used to estimate cell numbers according to the manufacturer's instructions (Roche Applied Science). Briefly, HepG2 or Huh7 cells were stably transfected with LV-FXR-GFP or LV-GFP and then seeded in 96-well plates at a density of 1,000 cells/well. Cells were treated with 2 M GW4064 for 24 h (2) and WST-1 reagent (1:10) was then added to the cells for 2 h at 37°C. The absorbance value (optical densiometry) of each well was measured at 450 nm. Cells were incubated for 1, 2, 3, and 4 days.
Tumorigenicity in nude mice. Male BALB/c nu/nu mice (4 -6 wk old) were purchased from Shanghai SLAC Laboratory Animal (Shanghai, China). Mice were subcutaneously injected in the flank with 5 ϫ 10 6 HepG2 cells stably transduced with LV-FXR-GFP or empty vector. Tumor growth was measured every 3 days using vernier calipers. Tumor volume was calculated by the following formula: length ϫ width 2 ϫ 0.52 (7). Animals were euthanized on day 21 after implantation, and tumors were harvested for the detection of mRNA and protein expression. All experimental procedures of the animals were conducted in accordance with the National Institutes of Health Guide for the Care Values are means Ϯ SE; n, number of subjects/group. FXR, farnesoid X receptor.
correlation. P values of Ͻ0.05 were considered to be statistically significant.
RESULTS

Downregulation of FXR expression in human HCC tissues.
We (22) previously found that FXR-null mice developed spontaneous liver tumors. To determine whether FXR is associated with the tumorigenicity of human HCC, we measured the FXR mRNA levels in human liver tissues, including 20 normal liver and 80 paired HCC and peritumoral liver tissues using quantitative real-time PCR. The results showed that, compared with adjacent noncancerous tissues, FXR expression was downregulated in all tumor samples (Fig. 1A) . We also found that FXR mRNA levels in the 80 matched disease groups were significantly lower than those in the 20 normal liver samples (Fig. 1A) . We then confirmed our results by further analyzing FXR mRNA expression in another cohort of human liver samples including 8 normal liver and 30 paired HCC and corresponding peritumoral liver tissues (Supplemental Material, Supplemental Fig. S1 ). 1 To further determine FXR protein levels in HCC, we performed immunohistochemistry along with Western blot analysis in 40 paired HCC samples and 10 normal liver samples. The results demonstrated a correlated reduction in FXR protein levels in HCC compared with those in peritumoral liver and normal tissues (Fig. 1, B-E) . Our data indicated that diminished FXR expression could be involved in the development and/or progression of human HCC.
Association between FXR mRNA expression and clinicopathological characteristics of HCC patients. We next determined the relationship between FXR mRNA expression levels in tumor tissues and the clinicopathological characteristics of 80 HCC patients ( Table 1) . The results showed no statistical differences of FXR mRNA levels regarding age, sex, serum ␣-fetoprotein level, tumor number, or presence of portal vein thrombosis and cirrhosis. However, we found that patients with low FXR mRNA levels were prone to have large tumor size (P ϭ 0.042), advanced BCLC stage (P ϭ 0.041), poor differentiation (P ϭ 0.037), and absence of encapsulation (P ϭ 0.027). Thus, low expression of FXR was associated with multiple malignant characteristics of HCC.
Correlation between FXR and SHP in human HCC tissues. To investigate whether the FXR-SHP pathway plays a role in the tumorigenesis of HCC, we measured SHP mRNA expression in 10 normal livers and 45 paired HCC and peritumoral tissues. Consistent with FXR mRNA levels in HCC, we observed significantly reduced SHP mRNA expression in HCC compared with peritumoral and normal liver tissue samples ( Fig. 2A) . However, we found no statistically significant differences between peritumoral and normal liver tissue samples. We then analyzed the correlation of gene expression between FXR and SHP in HCC by the Pearson correlation coefficient test. The results showed that the FXR mRNA level was significantly and positively correlated with the SHP mRNA level in HCC (Fig. 2B) . SHP protein expression in HCC was also found to be dramatically decreased in HCC by immunohistochemistry (Fig. 2, C-E) and Western blot analysis (Fig. 2,  F and G) . Thus, suppression of the FXR-SHP pathway may be involved in the tumorigenesis of HCC.
LV-FXR-GFP-mediated upregulation of FXR induced SHP expression and inhibited liver cancer cell proliferation in vitro.
Lentiviral vectors that selectively expressed FXR or negative control were generated and termed LV-FXR-GFP and LV-GFP, respectively. Compared with the control, expression levels of FXR mRNA (Fig. 3A) and FXR protein (Fig. 3, C and E) were dramatically increased in HepG2 cells effectively transduced with LV-FXR-GFP. Consistent with the upregulation of FXR in HepG2 cells with LV-FXR-GFP, expression levels of SHP mRNA (Fig. 3B ) and SHP protein (Fig. 3, D and E) were elevated compared with controls. A significant reduction of HepG2 cell proliferation in the LV-FXR-GFP group was observed by WST-1 assays (Fig. 3F) and Ki67 immunoreactivity analysis (Fig. 3E) . The Ki67 proliferative index in the LV-FXR-GFP group was reduced by 43% compared with controls. In addition, we also successfully transduced Huh-7 cells with LV-FXR-GFP and observed similar effects of FXR overexpression on SHP expression and cell growth as we did in HepG2 cells (Supplemental Fig. S3 ). Our data collectively demonstrated that upregulation of FXR elevated SHP expression and inhibited liver cancer cell proliferation in vitro.
Suppression of tumor growth and modulation of SHP expression by FXR in a HepG2 xenograft model. To extend the above findings, in vivo experiments were performed using HepG2 xenograft tumor-bearing mice. Tumor volumes were measured every 3 days until the animals were euthanized. Overexpression of FXR resulted in a significant suppression of tumor growth, as shown by the tumor volumes (Fig. 4, A  and B) . Quantitative real-time PCR demonstrated that upregulation of FXR elevated SHP mRNA levels (Fig. 4C) . Immunohistochemistry and Western blot analysis of FXR and SHP confirmed increased staining in LV-FXR-GFPtransduced tumors compared with controls (Fig. 4, D-F) . As expected, Ki67 immunoreactivity varied conversely with the alteration of FXR and SHP staining. The Ki67 proliferative index was reduced by 45% in tumor cells overexpressing FXR and SHP (Fig. 4F ). These data suggested that elevated FXR levels increased the expression of SHP and restrained liver tumor growth in vivo.
DISCUSSION
In this study, we showed that FXR expression was downregulated at both mRNA and protein levels in human HCC specimens. FXR might be of clinical and pharmacological importance as a HCC biomarker. Low FXR mRNA levels were correlated with large tumor size (P ϭ 0.042), advanced BCLC stage (P ϭ 0.041), poor differentiation (P ϭ 0.037), and absence of encapsulation (P ϭ 0.027). Expression of the FXR downstream gene SHP was also reduced in HCC. FXR mRNA levels were significantly and positively correlated with SHP mRNA levels in HCC. LV-FXR-GFP-mediated exogenous FXR expression upregulated SHP expression and inhibited liver cancer cell proliferation in vitro and tumor growth in vivo. Our data suggested that FXR may function as a tumor inhibitor by suppressing cell proliferation. Loss of FXR expression and suppression of the FXR-SHP pathway may contribute to the development and progression of human HCC.
It has recently been demonstrated that FXR is involved in several human cancers. However, the expression of FXR and its role in the tumorigenesis remain controversial. Lee et al. (11) reported that FXR overexpression in pancreatic cancer tissues with lymphatic metastasis was associated with poor patient survival, and downregulation of FXR was an effective approach for inhibition of pancreatic tumor progression. However, for other cancers, FXR was considered as a tumor suppressor rather than a tumor promoter. Specifically, De Gottardi et al. (4) found that FXR mRNA was decreased in human colorectal adenoma and carcinoma, and expression levels of FXR were inversely related to the degree of the malignancy of colon cancer cell lines. FXR expression has also been shown to be reduced in human intestinal tumors (16) and esophagus adenoma (3).
In 2007, two studies (10, 22) indicated that FXR gene knockout leads to liver injury and irregular regeneration and, finally, to spontaneous liver tumor development in mice. How-ever, the role of FXR in human hepatocarcinogenesis remains unclear. In the present study, we showed that compared with normal liver tissues, FXR expression was dramatically decreased in HCC and adjacent noncancerous tissues. Significant differences were also identified between intratumoral and peritumoral tissues. We then analyzed FXR expression at protein levels and found a correlated reduction in HCC. These findings clearly demonstrate that FXR expression was reduced in human HCC specimens, which indicates that diminished FXR expression might be an important event in tumorigenesis in both mice and humans. Previous studies (9, 21) have suggested an important role of FXR in liver regeneration and repair, which may indirectly suppress liver injury, inflammation, and the consequent hepatcarcinogenesis. However, our findings suggest that FXR may directly inhibit liver cancer cell proliferation and tumor growth. The detailed molecular mechanism by which FXR regulates liver cell proliferation will be our future research effort.
To determine whether there is a reciprocal relationship between the loss of FXR expression and progression of human HCC, we analyzed FXR mRNA levels and their correlation with malignant clinicopathological characteristics in HCC samples. Because larger tumors might have poorer prognosis, we first stratified HCC patients into two subgroups by tumor size with 5 cm as a cutoff value. We observed that FXR mRNA levels were statistically lower in the tumors measuring Ͼ5 cm in diameter than in those of Յ 5 cm. FXR deficiency may increase the susceptibility of the liver to cancer cell proliferation during human HCC tumorigenesis, although the precise mechanism remains unclear. For other clinicopathological features, our data revealed that patients with low FXR mRNA levels tended to have advanced BCLC stage, poor differentiation, and absence of encapsulation. No statistically significant differences were found for FXR mRNA levels regarding age, sex, serum ␣-fetoprotein level, tumor number, or presence of portal vein thrombosis and cirrhosis. Taken together, downregulation of FXR expression was associated with multiple malignant characteristics of HCC, which might act as a good marker to identify a high-risk subgroup of HCC patients in clinical practice.
As an endogenous receptor of bile acid, the major function of FXR is to maintain bile acid homeostasis and to prevent bile acid-induced liver toxicity (15, 17, 18) . SHP is the primary target gene of FXR. Bile acid-activated FXR induces the expression of SHP, which, in turn, inhibits the expression of cytochrome P-450 7A1, the rate-limiting enzyme in bile acid biosynthesis (6) . A number of reports have documented that SHP not only acts as metabolic regulator but also functions as a novel tumor suppressor. He et al. (7) identified that epigenetic gene silencing disrupted SHP function by downregulating its expression in human HCC. Zhang Y et al. (24, 25) revealed a role of SHP in the inhibition of cellular proliferation and activation of apoptosis signaling. Our data showed that SHP mRNA and protein levels were significantly decreased in HCC compared with peritumoral tissues, which was consistent with the previous report (7) . Correlation analysis determined a significant correlation between the expression of FXR and SHP, and the results showed that FXR mRNA levels were significantly and positively correlated with SHP mRNA levels in HCC. Thus, suppression of the FXR-SHP pathway may promote tumorigenesis in HCC.
To further determine the potential function of FXR in the regulation of liver cancer growth, lentiviral vectors that selectively expressed FXR (LV-FXR-GFP) and control empty vector (LV-GFP) were generated. HepG2 and Huh-7 cells were effectively transduced with the two vectors, and significantly increased FXR mRNA and protein levels were detected in HepG2 and Huh-7 cells infected with LV-FXR-GFP. We then investigated the effect of FXR upregulation on cell proliferation by WST-1 assays. Because FXR is a ligand-activated transcription factor, we added GW4064 to fully activate FXR. The results demonstrated that overexpression of FXR significantly inhibited cell proliferation. We also observed that increased FXR resulted in a dramatic reduction of Ki67-positive nuclei, an index of cell proliferation. To extend our findings in vitro, in vivo experiments were performed using a HepG2 xenograft model in nude mice. As we expected, FXR significantly suppressed tumor growth and inhibited tumor cell proliferation. Consistent with our findings in human HCC samples, upregulation of FXR induced SHP expression both in vitro and in vivo.
Taken together, our study provides evidence demonstrating that FXR expression is significantly reduced in human HCC and is positively correlated with multiple malignant clinicopathological characteristics. Suppression of the FXR-SHP pathway may be involved in the development of HCC. Lentiviral-mediated FXR overexpression inhibits HCC cell growth both in vitro and in vivo. Therefore, FXR may be of clinical and pharmacological importance as a promising HCC biomarker.
